Oxytocin has been suggested as a novel therapeutic against obesity, because it induces weight loss and improves glucose tolerance in diet-induced obese rodents. A recent clinical pilot study confirmed the oxytocin-induced weight-reducing effect in obese nondiabetic subjects. Nevertheless, the mechanisms involved and the impact on the main comorbidity associated with obesity, type 2 diabetes, are unknown. Lean and ob/ob mice (model of obesity, hyperinsulinemia, and diabetes) were treated for 2 weeks with different doses of oxytocin, analogues with longer half-life (carbetocin) or higher oxytocin receptor specificity ([Thr4,Gly7]-oxytocin). Food and water intake, body weight, and glycemia were measured daily. Glucose, insulin, and pyruvate tolerance, body composition, several hormones, metabolites, gene expression, as well as enzyme activities were determined. Although no effect of oxytocin on the main parameters was observed in lean mice, the treatment dose-dependently reduced food intake and body weight gain in ob/ob animals. Carbetocin behaved similarly to oxytocin, whereas [Thr4,Gly7]-oxytocin (TGOT) and a low oxytocin dose decreased body weight gain without affecting food intake. The body weight gain-reducing effect was limited to the fat mass only, with decreased lipid uptake, lipogenesis, and inflammation, combined with increased futile cycling in abdominal adipose tissue. Surprisingly, oxytocin treatment of ob/ob mice was accompanied by a worsening of basal glycemia and glucose tolerance, likely due to increased corticosterone levels and stimulation of hepatic gluconeogenesis. These results impose careful selection of the conditions in which oxytocin treatment should be beneficial for obesity and its comorbidities, and their relevance for human pathology needs to be determined.
performed to test the efficiency of oxytocin treatment in the fields of autism (7) and obesity (8) . The reasons why oxytocin has been suggested as a novel therapeutic agent against obesity are the following: 1) it induces weight loss and improves glucose tolerance in chronically treated diet-induced obese (DIO) rodents (8 -12) ; 2) it acutely decreases food intake and body weight in leptin-deficient Zucker and Koletsky rats, upon administration of a single dose (11, 13) ; and 3) it decreases body weight in lean and obese nondiabetic patients (8, 14) . However, despite these promising observations, the mechanisms involved in the beneficial oxytocin effects on body weight homeostasis, as well as the impact of the treatment on the development of type 2 diabetes, are unclear.
The aim of the present study was to determine whether a chronic oxytocin treatment has beneficial effects in ob/ob mice. This model was selected, because it presents a more severe phenotype than DIO mice and rats, with more extreme obesity, as well as higher basal glycemia and insulinemia, altogether representing a model of a more advanced stage in the development of type 2 diabetes. Although the treatment was mostly ineffective in lean mice, it dose-dependently reduced food intake and body weight gain in ob/ob mice. The latter effect was limited to the fat mass only, with decreased lipid uptake, lipogenesis, and inflammation, combined with increased futile cycling. Surprisingly, oxytocin treatment or the use of oxytocin analogues worsened basal glycemia and glucose tolerance, likely due to increased corticosterone levels and stimulation of hepatic gluconeogenesis.
Materials and Methods

Mice
The principles of laboratory animal care were followed (European and local government guidelines) and protocols were approved by the Geneva Cantonal Veterinary Office. Eight-week-old C57BL/6JRj (referred to as C57BL6/J) and B6.V-Lepob/JRj (referred to as ob/ob) male mice (Janvier) were treated for 14 days with oxytocin (PolyPeptide) at 5, 50, or 150 nmol/d, carbetocin (Bachem) at 50 nmol/d, [Thr4,Gly7]-oxytocin (TGOT) (Abgent) at 50 nmol/d, or the solvent (saline, NaCl 0.9%) given sc via osmotic pumps (Alzet). Mice were distributed in the different groups by stratified random allocation, in order to obtain no statistical difference of body weight and glycemia among the groups, at the beginning of the treatment. Body weight, food, and water intake were measured daily, and glycemia (Accu-Check; Roche) was determined every second day at 10 AM. A saline-treated pair-fed (PF) group was included with a series of saline-and oxytocin-treated animals. The pair-feeding protocol consisted in providing the PF mice with the mean quantity of food consumed the day before by the oxytocin-treated group. Glucose (1 g/kg; Bichsel), pyruvate (2 g/kg; Sigma), or insulin (0.75 UI/kg; Actrapid HM, Novo Nordisk) ip tests were performed at day 10 of treatments, after 5 hours of food deprivation (10 AM to 3 PM). At the beginning and the end of the treatment, body composition was analyzed by magnetic resonance imaging (MRI) (EchoMRI), and data are represented as the difference between the 2 sets of values. Epididymal white adipose tissue (eWAT) and liver were fixed in 10% (vol/vol) formalin solution (Sigma) overnight at 4°C, dehydrated, and embedded in paraffin before sectioning, or embedded in OCT (optimum cutting temperature) (Thermo Fisher Scientific) and frozen for subsequent analyses.
Plasma and hepatic measurements
At the end of the treatment, trunk blood was collected in EDTA tubes (Becton Dickinson), and aprotinin (Axon Lab AG) was added at 400 kIU/mL. Plasma insulin (Mercodia), glucagon (Merck), corticosterone (Immunodiagnostic Systems), nonesterified fatty acids (NEFA) (Wako Diagnostics), glycerol (Sigma), triglyceride (TG) (Biomérieux), and leptin (Bertin Pharma) levels were measured. Plasma oxytocin concentrations were also determined (Enzo Life Sciences) with a previous extraction step (Strata C18-E; Phenomenex), as recommended by the manufacturer. Hepatic TG content (Biomérieux) was measured after chloroform:methanol extraction, and hepatic glycogen (Sigma) was determined according to the manufacturer protocol.
RNA isolation and real-time PCR
Total RNA was isolated using the RNeasy Lipid Tissue Mini kit (QIAGEN), with DNAse (deoxyribonuclease) treatment in column. RNA integrity was analyzed using a lab-on-a-chip (Agilent Technologies). RNA was reverse transcribed using M-MLV (Moloney murine leukemia virus reverse transcriptase) reverse transcriptase (Thermo Fisher Scientific). Real-time PCR was carried out in a StepOne Real Time System (Thermo Fisher Scientific), using the SYBR Green fluorophore (Roche). A standard curve for each primer set was generated from serial dilutions of cDNA. PCR products were verified by dissociation curve analysis, using the StepOne software (Thermo Fisher Scientific). Expression levels were normalized to ribosomal protein S29 (Rps29) and represented as percent of the saline-treated group (set at 100%). Primer sequences were designed by the Primer Express software (Thermo Fisher Scientific) and are provided in Supplemental Table 1 .
Fatty acid synthase (FASN) activity
FASN activity was measured according to the protocol described previously (15) .
Histological studies
eWAT sections were deparaffinated and rehydrated, applying primary antibody against MAC-2 (CL8942AP) and secondary antirat-Cy3 (Jackson ImmunoResearch). Hoechst 33258 was used as nuclear marker (Sigma). Liver sections were stained with hematoxylin and eosin or Oil-Red-O (Sigma). Images were taken using a Mirax Desk and an Axioskop 2 (Carl Zeiss). Total cell counting was performed using the ImageJ plugin cell counter (16) on the nuclear Hoechst stained blue channel images. MAC-2-positive cells were counted manually on the merged images stained with the MAC-2 antibody and the Hoechst nuclear marker. The number of cells counted was 7409 Ϯ 825 for C57BL6/J and 12 866 Ϯ 2109 for ob/ob mice.
Statistical analysis
Quantitative data are expressed as mean Ϯ SEM. The statistical significance was determined by the Student's t test (2 groups) or by ANOVA (more than 2 groups), with a Tukey's post hoc test. Lon-gitudinal data with several groups, such as ⌬-glycemia, were analyzed by generalized linear models and Tukey's post hoc test. Analyses were performed with SPSS (IBM) and R (17) .
Results
Phenotype of obese/diabetic and lean mice treated with oxytocin
In obese diabetic ob/ob mice, the oxytocin treatment had a clear effect in preventing body weight gain ( Figure   1A ). Both food and water intake were reduced, the effects being more marked during the first than the second week of the study (Figure 1 , C and G). Food efficiency, the ratio of body weight gain per unit food intake over the whole treatment expressed as percent was decreased in oxytocintreated obese mice ( Figure 1E) . Surprisingly, basal glycemia measured in the fed state was increased in the oxytocin-treated group ( Figure 1I ). Among the various circulating parameters measured at the end of the treat- Figure 1 . Oxytocin effects on body weight, food and water intake, as well as glycemia in lean and ob/ob mice. ⌬-Body weight (A and B), food intake (C and D), food efficiency (E and F), water intake (G and H), and ⌬-glycemia (I and J) of ob/ob (A, C, E, G, and I) or C57BL6/J (B, D, F, H, and J) mice sc treated with oxytocin (50 nmol/d) or vehicle (saline) during 14 days. Next to B, D, and H, magnification of the effects observed during the first 3 days of treatments in C57BL6/J mice. *, P Ͻ .05; **, P Ͻ .01; ***, P Ͻ .001. ob/ob, n ϭ 22-38 and C57BL6/J, n ϭ 13-19. ment, none was altered, except for blood glucose, which exhibited a tendency to be higher (P ϭ .07), and for corticosterone levels, measured after 5 hours of food deprivation (referred to as "fast corticosterone"), which were significantly higher in the oxytocin-than in the salinetreated group (Table 1) . Even though oxytocin is envisaged as a treatment against obesity, its effects were also determined in C57BL6/J mice, the lean nondiabetic controls of ob/ob mice with similar genetic background. In these mice, the oxytocin treatment induced a transient decrease in food and water intake during the first day, which led to a decrease in body weight (Figure 1 , B, D, and H). Subsequently, body weight gain was similar in saline-and oxytocin-treated mice, with a trend to decreased food efficiency ( Figure 1F ). When measured daily in the fed state, basal glycemia of lean mice was unaltered by the oxytocin treatment ( Figure 1J ). In contrast, after a 5-hour food deprivation ("fast glucose"), glycemia was increased in the oxytocin-treated group, with a concomitant elevation in insulinemia. Circulating corticosterone, glycerol, NEFA, and TG levels were similar in both groups, whereas leptinemia and glucagon levels were higher in the oxytocintreated animals ( Table 2 ).
Given that the oxytocin treatment decreased food intake, either transiently in C57BL6/J, or in a more sustained way in ob/ob mice, the expression of the hypothalamic neuropeptides from the first-order leptin-sensitive neurons was measured. As expected, the expression of the orexigenic neuropeptides Npy and Agrp was higher, whereas that of the anorexigenic neuropeptide Pomc was lower in ob/ob than in lean C57BL6/J mice. The oxytocin treatment was without any effect on these parameters in both groups (Supplemental Figure 1 ).
Specificity and dose dependency of oxytocin effects in obese/diabetic mice
A saline-infused control group of ob/ob mice receiving the same amount of food as the oxytocin-treated animals was included in the study (PF group), demonstrating that the oxytocin-induced prevention of body weight gain was only partly, but not exclusively, due to a decrease in food intake. Indeed, the final body weight gain of PF mice was higher than that of oxytocin-treated animals ( Figure 2A ), and food efficiency of oxytocin-treated mice was lower than that of both the saline and the PF control groups ( Figure 2B ).
The dose of oxytocin administered to the mice (50 nmol/d) was the same as that used in previous studies (9, 12) . This dose produced a maximal effect, because increasing it by 3-fold (Oxt-HD, 150 nmol/d) did not further decrease body weight gain ( Figure 2C ). When the 50 nmol/d oxytocin dose was reduced by 10-fold (Oxt-LD, 5 nmol/d), the body weight gain was lower than that of saline-infused controls ( Figure 2C ), without affecting food intake ( Figure 2E ).
The next step consisted in treating obese/diabetic mice with the longer half-life oxytocin analog, frequently used in clinics, carbetocin at a dose of 50 nmol/d (18) . As can be seen on Figure 2D , carbetocin treatment produced a similar decrease in body weight gain as oxytocin itself. Furthermore, despite clear differences in affinity of oxytocin for its own receptor and for one of the vasopressin receptors (oxytocin affinity for oxytocin receptor [OXTR], 0.83nM; V1a, 20.38nM; V1b, 36.32nM) (19), it was possible that the oxytocin effect was, at least partly, mediated by unspecific activation of the vasopressin signaling pathway. To address this issue, we treated another series of mice with an analog of oxytocin characterized by a much lower affinity for the vasopressin than for the OXTR (TGOT, affinity for OXTR, 0.04nM; V1a, Ͼ1000nM; V1b, Ͼ10 000nM) (19) . TGOT produced a similar effect as the low oxytocin dose on body weight gain, as well as on food intake (ie, no change in this parameter) (Figure 2 , D and F). This effect was, however, not different from that observed in response to the high oxytocin dose or to carbetocin. Regarding the profile of basal glycemia, it was similarly increased in all the groups receiving oxytocin (5, 50, and 150 nmol/d) or analogues (TGOT and carbetocin) compared with controls ( Figure 2 , G and H).
Oxytocin effects on adipose tissue
Using MRI, we observed that the effects of oxytocin on body weight in ob/ob mice were exclusively related to decreased fat mass gain ( Figure 3A ). This was confirmed by weighing the epididymal fat pad, which was smaller in the oxytocin-than in the saline-infused group ( Figure 3C ). This effect was independent of food intake (Supplemental Figure 2, A and B) . Surprisingly, in C57BL6/J mice, oxytocin treatment significantly reduced the lean, without affecting the fat mass ( Figure 3, B and D) .
The mechanisms responsible for the decrease in fat mass gain in ob/ob mice were investigated by measuring the gene expression of various enzymes involved in lipid metabolism in adipose tissue, as well as the activity of the most relevant one. The results suggested that oxytocin treatment decreased lipogenesis (decreased Fasn expression and FASN activity), lipid uptake (decreased Lpl expression), increased lipolysis (higher Hsl expression), and glyceroneogenesis (higher Pepck-C expression, which increases glycerol-3-phosphate required for NEFA reesterification into TG), indicating increased futile cycling, without modifying the OXTR levels (Figure 3 , E and G). These effects on lipid metabolism were food intake independent (Supplemental Figure 2 , C and D) and were not observed in the lean C57BL6/J animals ( Figure 3, F and H) .
Finally, adipose tissue inflammation was measured by quantifying the amount of macrophages in the epididymal fat depot (eWAT), using immunohistochemistry or gene expression levels. This showed that oxytocin treatment of ob/ob mice reduced the infiltration of adipose tissue by macrophages ( Figure 4, A and B) , independently from changes in food intake (Supplemental Figure 2 , E and F), whereas it had no effect in lean C57BL6/J animals ( Figure 4, C and D) .
Oxytocin effects on the liver
Oxytocin was not able to improve the steatosis present in the liver of ob/ob mice, as demonstrated by similar histology (hematoxylin and eosin and Oil-Red-O staining) and TG content in oxytocin-and saline-treated mice (Figure 5, A-C) . As expected, these parameters were also unchanged by food restriction (ie, pair-feeding) of ob/ob mice (Supplemental Figure 2, G-I) . Interestingly, the gene expression levels of various enzymes related to glucose metabolism revealed that G6pc expression was increased by the oxytocin treatment, suggesting enhanced gluconeogenesis ( Figure 5G ). This effect was food intake independent (Supplemental Figure 2J) . It was further substantiated by the results of a pyruvate tolerance test, indicating higher glycemia values in the oxytocin-than in the salinetreated group, in response to pyruvate administration ( Figure 5I ). On the basis of the reported observation that oxytocin inactivates glycogen synthase in isolated hepatocytes (20) , we measured the gene expression levels of glycogen synthase (Gys2) and phosphorylase (Pygl), as well as the total liver glycogen content. None of these parameters was affected by the oxytocin treatment of ob/ob mice (Supplemental Figure 3) .
In lean nondiabetic C57BL6/J mice, neither the histology nor the TG content was affected by the oxytocin treatment ( Figure 5, D-F) . The expression of genes involved in , and Pklr) and gluconeogenic (G6pc, Fbp1, and Pepck) enzymes of ob/ob (G) and C57BL6/J (H) mice, considering the levels in the salinetreated group as 100%. Representation of glycolysis and gluconeogenesis, highlighting the up-regulated enzymes on a red background; n ϭ 7-8. I and J, Glycemia during a pyruvate tolerance test in ob/ob (I) and C57BL6/J (J) mice; n ϭ 4 -6. *, P Ͻ .05; **, P Ͻ .01; ***, P Ͻ .001.
glucose metabolism suggested the occurrence of a concomitant increase in both gluconeogenesis (G6pc, Fbp1, and Pepck) and glycolysis (Gck, Pfkb1, and Pklr) ( Figure  5H ). In these mice, the pyruvate tolerance test was similar in both the treated and the untreated group, with a trend toward lower glycemia under oxytocin treatment ( Figure  5J ). Regarding the liver glycogen content, it was decreased by the treatment with an increase in the gene expression of glycogen phosphorylase (Pygl) (Supplemental Figure 3) .
Oxytocin effects on glucose metabolism
Oxytocin treatment of ob/ob mice worsened glucose tolerance, without affecting insulin levels (which were unaltered by the glucose load) ( Figure 6 , A and C). These effects were independent of food intake (Supplemental Figure 2, K and L) . In C57BL6/J mice, glucose tolerance was unaffected ( Figure 6B ), but oxytocin treatment increased basal insulinemia ( Figure 6D ). Finally, oxytocin treatment of ob/ob mice slightly worsened insulin tolerance ( Figure 6E ), without any effect on this parameter in the C57BL6/J group ( Figure 6F ).
Discussion
The present work addressed the effects of chronic oxytocin treatment on both body weight and glucose metabolism as well as their underlying mechanisms, in a mice model of marked obesity and diabetes.
Regarding body weight, previous work showed that acute oxytocin administration in obese Zucker or Koletsky rats lacking the leptin receptor (11, 13) , or chronic oxytocin treatment of DIO rodents, decreased food intake and body weight (9, 10, 12) . Our work extended these results by demonstrating that chronic oxytocin treatment decreased body weight gain in leptin-deficient mice, a mouse model of more severe obesity than that of high-fatfed rodents. Our results further showed that the oxytocin effects on body weight were dose-dependent, reaching a plateau at 50 nmol/d, as well as partly independent from changes in food intake. Also, a higher dose of oxytocin or an analog with a longer half-life (carbetocin) (21) did not increase the effects observed, whereas a low dose decreased body weight gain, without affecting food intake.
Oxytocin and vasopressin receptors display high homology, because oxytocin and vasopressin are 2 nonapeptides differing only in 2 amino acids (19) . According to in vitro affinity and activation studies, oxytocin could potentially activate the vasopressin receptors (19) , suggesting that part of the effects observed could be mediated not only by the OXTR activation but also by a cross-activation of the vasopressin receptor. For this reason, we treated another group of ob/ob mice with an oxytocin analog, TGOT, presenting an affinity for the OXTR, which was 5 orders of magnitude higher than for the V1a and V1b receptors (19) . The results showed that, similar to the effects of the low oxytocin dose, TGOT reduced body weight without affecting food intake. It could therefore be suggested that activation of the vasopressin receptor is partly mediating the oxytocin-induced effects on food intake, in keeping with a previously reported study (22) . However, these data should be taken with caution, because the TGOT metabolism and agonist activity in mouse tissues are not well characterized and because the dynamics of its transport through the blood-brain barrier is unknown.
When considering lean mice and rats, oxytocin administration was shown to decrease food intake and body weight in acute experiments (12, 23, 24) . We observed that a 2-week oxytocin treatment of lean mice decreased food intake and body weight during the first 24 hours of the treatment only, returning to normal values immediately thereafter. Overall, the body weight gain of oxytocin-and saline-treated mice was essentially similar over 2 weeks. The potential reasons underlying the different responses of lean and obese mice to the same treatment will be discussed below.
One of the most interesting findings of the present study is that adipose tissue appears to be the main target of the oxytocin effects in obese mice. Indeed, the decreased body weight gain of ob/ob animals was due to a specific decrease in the fat mass gain, without any change in lean mass. That adipose tissue is a target of oxytocin action was not totally unexpected, given that the OXTR is expressed in this tissue at a similar level as in most of the classical oxytocin target tissues (Supplemental Figure 4) (25, 26) . However, regarding oxytocin effects on this tissue, conflicting data were previously reported, because both increased lipogenesis (27) (28) (29) and lipolysis (9, 29) were observed, depending on the dose tested (29) . When investigating the possible molecular mechanisms underlying the oxytocin effects in adipose tissue in our model, we found that it involved decreased lipid uptake, lipogenesis, and increased futile cycling (increase in both lipolysis and glyceroneogenesis). Reduced lipogenesis is likely to represent the main mechanism, as suggested by the amplitude of the decreased mRNA and protein activity of FASN.
It is noteworthy that oxytocin is located downstream of leptin action, possibly mediating some of the leptin effects (30, 31) . Leptin is known to deplete the TG content of adipose tissue without causing a concomitant rise in circulating free fatty acids by suppressing de novo lipogenesis and activating both futile cycling (lipolysis and glyceroneogenesis) (32) . Most of these effects are observed in oxytocin-treated ob/ob mice, in keeping with the concept that oxytocin may mediate leptin effects on lipid metabolism in adipose tissue.
Another interesting observation was that oxytocin treatment of obese mice reduced the macrophage infiltration of adipose tissue. This will be studied in more details in further experiments. Given the first conclusion of our study that chronic oxytocin treatment reduces body weight gain, mainly by acting on adipose tissue, the question of the different responsiveness of lean and obese mice can be raised. Several reasons could be envisaged, including the next ones: 1) OXTR signaling; ob/ob mice exhibited markedly higher Oxtr expression than C57BL6/J mice at the level of adipose tissue (Supplemental Figure 4B) ; and 2) adipose tissue mass; adipose tissue of obese mice not only overexpressed the Oxtr, but its overall mass was much higher than in lean mice (fat mass, 1.91 Ϯ 0.06 g in lean and 21.85 Ϯ 0.50 g in obese mice; P Ͻ .001, n ϭ 25-63).
It should be added that plasma oxytocin levels were similar in lean and obese mice (Supplemental Figure 4C) . This is in contrast to what was reported in Zucker rats, in which circulating oxytocin levels of obese were lower than those of lean animals (26) . In such a situation, oxytocin administration was expected to be more efficient in obese than in lean rats, because it partly reestablished normal oxytocin signaling. This was not the case in ob/ob mice.
Unlike its effects in adipose tissue of ob/ob mice described in the present study, as well as in contrast with previously reported results in DIO mice (12) , oxytocin treatment had no effect on hepatic steatosis. One of the reasons for the discrepancy between the 2 models is the magnitude of the defect. Indeed, hepatic steatosis is much more severe in ob/ob than in DIO mice (liver weight of ob/ob around 3 times higher than liver weight of DIO mice). Another potential explanation, which needs to be addressed in future studies, is that oxytocin-induced improvement of hepatic steatosis is a leptin-dependent process.
Regarding the impact of the oxytocin treatment on glucose metabolism, previous studies performed in DIO rodents treated with oxytocin showed improvements in insulin sensitivity and glucose tolerance (9, 12, 33) . Furthermore, improved glucose tolerance was also observed in response to oxytocin in mice made diabetic for 4 days by streptozotocin administration (8) . However, in that particular model, it appeared that oxytocin was preventing ␤-cell death from streptozotocin toxicity, thereby improving glucose tolerance. These results are in keeping with the antioxidant properties of oxytocin reported previously (34, 35) , given that streptozotocin mediates ␤-cell death by the production of reactive oxygen species. In a clinical trial with obese nondiabetic subjects, no effect of chronic oxytocin treatment on glucose and insulin levels was reported (8) . Results pertaining to these measurements in diabetic obese or nonobese patients are expected and will be of utmost importance. However, they have not been published yet. Therefore, the available literature on the effects of oxytocin on glucose metabolism in rodents was mainly gathered in the prediabetic state, with a moderate hyperinsulinemia and a mild hyperglycemia, and there are no data in diabetic patients as yet. The present study evaluated the oxytocin effects on glucose metabolism one step further, using diabetic mice, which are markedly hyperinsulinemic, glucose intolerant and insulin resistant. Given the available above-mentioned literature, our own data on the oxytocin-mediated improvement of glucose intolerance and insulin sensitivity in DIO rats (9) , in particular, and our present observation of decreased oxytocin-induced adiposity in ob/ob mice, we expected the treatment to bring about an improvement of glucose metabolism. Surprisingly, the results showed that oxytocin administration worsened the basal glycemia, glucose tolerance and insulin sensitivity. The reasons underlying the discrepancy between these results and those we published in DIO rats (9) could be related to a species difference. However, this seems unlikely due to other data reported in the literature, showing oxytocin-mediated improvement of glucose intolerance in DIO mice (12, 33) .
Some of the hypotheses possibly explaining the deleterious effects of oxytocin treatment in ob/ob mice can be summarized as follows:
1) Incapacity of ␤-cells to increase insulin secretion. In lean mice, we observed that oxytocin treatment resulted in increased circulating insulin and glucagon levels, in keeping with previous data obtained in vivo (36) . However, ob/ob mice are highly hyperinsulinemic and hyperglucagonemic and the treatment did not alter these levels, possibly due to the fact that pancreatic ␣-and ␤-cells have reached their maximal secretory capacity.
2) Decreased lipogenesis. Oxytocin treatment of ob/ob mice decreased lipogenesis, because Fasn expression and FASN activity were decreased. In these animals, de novo lipogenesis from glucose is likely to represent an important pathway, using a substantial amount of substrate. A decrease in the activity of this pathway could therefore be responsible for increased basal plasma glucose levels.
3) Hypothalamic-pituitary-adrenal (HPA) axis and hepatic glucose production. ob/ob mice exhibited increased basal corticosterone levels (around 6 times higher than levels of C57BL6/J control mice). These levels were further increased by the oxytocin treatment, especially after a mild stress, such as 5 hours of diurnal food deprivation, time at which the glucose tolerance test was performed. The oxytocin treatment had no effect on plasma corticosterone levels in lean mice (with a trend toward a decrease). In ob/ob mice, the oxytocin-induced increase in corticosterone levels is likely responsible for the occurrence of enhanced gluconeogenesis, in keeping with our observation of an increased hepatic G6pc expression in these animals. Similarly, in humans, excess cortisol in Cushing syndrome is well known to increase gluconeogenesis, consequently leading to diabetes (37) .
Although the liver is not supposed to express the OXTR (38) , it cannot be excluded that oxytocin could have direct effects on hepatocytes, increasing gluconeogenesis, as was once reported ex vivo, although more than 25 years ago (39) . It is also worth mentioning that corticosterone-induced stimulation of gluconeogenesis does not take place exclusively in the liver but also in the kidney and intestine (40, 41) . These parameters were not determined in the present study. Finally, glycogen metabolism was unaffected in ob/ob mice, whereas oxytocin treatment brought about an increase in glycogenolysis and consequent decrease in liver glycogen content in lean mice that may be linked to their increased plasma glucagon levels (42) .
Considering the present data, as well as the available literature, it appears that the oxytocin effects on glucose metabolism may depend on the status of the leptin signaling process. Thus, in the absence of leptin (ob/ob mice, present study), or of leptin signaling (ZDF fa/fa rats, our unpublished data), oxytocin impairs glucose metabolism, whereas it improves it in the presence of leptin, even in the face of leptin resistance, as occurs in DIO rats and mice (9, 12, 33) . Also, a single administration of oxytocin was reported to decrease postprandial glycemia, as well as cor-tisol levels in lean human subjects with normal leptin signaling (14) . It can therefore be proposed that defective glucose metabolism after oxytocin treatment of ob/ob mice could, at least partly, be due to leptin deficiency. This may be linked to the recent demonstration that leptin is able to restore hyperglycemia in models of type 1 diabetes by decreasing the activity of the hypothalamic-pituitary-adrenal (HPA) axis, leading to decreased gluconeogenesis (43) . Clearly, much additional work is needed to clarify this complex issue, which involves many different players, including hypothalamic neuropeptides.
4) Involvement of the autonomic nervous system. Although not evaluated in the present study, a role of the autonomic nervous system in the oxytocin-mediated deleterious effects on glucose metabolism cannot be excluded. Actually, it could be linked to the modulation of the different players just mentioned.
In conclusion, oxytocin treatment decreases food intake and adiposity in severely obese mice lacking leptin, although it worsens glucose metabolism, probably due to an increase in corticosterone levels and resulting enhanced hepatic glucose production. Together with previously reported data, these results suggest that the oxytocin-mediated effects in decreasing fat mass are independent of leptin, whereas the beneficial impact on glucose metabolism requires the presence of leptin. Considering the regulation of lipid metabolism in adipose tissue, our data are compatible with a role of oxytocin as a mediator of leptin action in this tissue. In addition to bringing new knowledge about the neuroendocrine regulation of body weight homeostasis, these data prompt the careful selection of the conditions in which oxytocin treatment should be beneficial for human obesity and its comorbidities.
